. The formation of a nanohybrid shish-kebab (NHSK) structure in melt-processed composites of poly (ethylene terephthalate) (PET) and multi-walled carbon nanotubes (MWCNTs) 
Introduction
The addition of multi-wall carbon nanotubes (MWCNTs) as functional fillers into commercially and industrially important engineering polymers, is well known to significantly improve their mechanical, electrical and thermal properties [1] [2] [3] [4] [5] [6] [7] [8] . These properties are ultimately controlled in part by the polymer's crystalline morphology. However, critical to understanding and manipulating the improvements in physical properties of the polymer, the morphology development during processing of a polymer, needs to be efficiently monitored.
Thus, providing invaluable information on how MWCNTs influence the nucleation and crystallization process of the homopolymer. Essentially, interpreting the morphology development in polymer-MWCNT composites during processing and correlating this with the mechanical and electrical properties, is of great importance in advancing the application and use of these composite materials [9] . However, the complex role that MWCNTs play in the morphology development in polymer composite systems during processing, is still poorly understood especially when applied to polymer melt systems.
Here, we focus our attention on the crystalline morphology development in MWCNT filled poly(ethylene terephthalate) PET [10] , (an engineering polymer widely used in applications such as fibres, films, packaging, electronic components and circuits). Recently, we have shown that during uniaxial deformation of PET-MWCNT composites (at low loadings up to 4%wt), significant improvements in the mechanical and electrical properties and bulk crystallinity compared to the neat PET homopolymer, are observed [11, 12] .
Improvements in physical properties were directly linked to the MWCNT reinforcement and nucleating effects on the polymer matrix. The crystalline morphology that evolved during uniaxial deformation of the composites, indicated an oriented 'shish-kebab' type of structure commonly seen in polymers under deformation [13] [14] [15] . Here, the MWCNTs act as heterogeneous nucleation sites (or shish) where polymer chains wrap around them and then the crystallites (or kebabs) grow epitaxially outwards during crystallization. This has been termed a 'nanohybrid shish-kebab' (NHSK) morphology [16] [17] [18] [19] [20] [21] . However, polymer-MWCNT composites can also form a trans-crystalline (TCL) structure, which has mainly been observed during the solution-crystallization of poly(olefin)s and MWCNT fibres [20] [21] [22] [23] [24] . A TCL morphology, predominantly occurs where MWCNT mass fractions are high (up to 80% wt aggregating into fibres or arrays) and the polymer is crystallized from solution giving a compact layer on the surface of the MWCNT fibres and improved MWCNT dispersion [23, 24] . Further to this, a hierarchal NHSK type of morphology was recently reported for electrospun poly(Ɛ-caprolactone)(PCL) -MWCNT composites, where a secondary 'nanofiber shish-kebab' (NFSK) crystalline morphology evolved after the incubation of the NHSK nanofibers in solution [25] . Similarly, a layered structure has been suggested in Nylon 11-MWCNT composites where a uniform crystalline layer of polymer forms prior to a NHSK structure [26] .
The TCL and NHSK crystalline morphologies described above, have mainly been restricted to polyolefin based polymer systems during solution crystallization, that is, the polymer is grown on the surface of MWCNTs which are present as nanotubes in high concentrations or as aggregated fibres. However, this is not representative of commercial polymer processing techniques involving polymer melts where the concentrations of MWCNT fillers is usually less than 5% wt. Thus, there are few studies monitoring the crystalline structure evolution of engineering polymer systems such as polyesters prepared via melt mixing with low concentrations of MWCNTs. Recently, Cruz-Delgado [27] , described the non-isothermal crystallization for PET-MWCNT composites (bulk polymer melts up to 2% wt), where they suggest the PET chains wrap around and orient on the MWCNTs due to aromatic π-π interactions. The crystallization kinetics revealed a confined crystallization process giving rod or disc-like crystallites. Similar results have been reported by Zhou [28] , for PCL-MWCNT solution crystallized composites, where the initial helical wrapping of polymer chains act as nucleation points for crystallites to grow with random orientationsthis can then straighten the MWCNT (depending on MWCNT diameter and length).
Several, studies showing the formation of lamellar, shish-kebab or NHSK morphologies have been reported for various polymer-MWCNT composites which have been under melt-shear processing (e.g. uniaxial deformation, injection moulding, melt spun fibres and shear flow) [12, [29] [30] [31] [32] [33] [34] [35] [36] . In these studies, the MWCNTs are aligned with the polymer chains during processing (under shear flow), and so oriented NHSK morphologies are seen, where again the MWCNTs act as oriented nucleation sites for epitaxial crystallization. [12, 16, 18, 37] The growth and formation of a polymer-MWCNT NHSK morphology is dependent on several parameters, including MWCNT diameter, periodicity of the kebabs, lamellar thickness and the processing conditions applied to the polymer-MWCNT composite. In a polymer matrix three crystalline growth scenarios are possible when filled with MWCNTs: (i) crystalline growth only occurs via nucleation on the MWCNT surface (NHSK morphology);
(ii) nucleation sites occur exclusively in the polymer matrix; (iii) a combination of both. [36, 38] Differentiating between these scenarios is difficult in polymer-melt composite systems and requires fast and sensitive techniques to follow the time-resolved morphology development during the polymers crystallization process. Recently, in a short communication [38] , we reported some preliminary results of the hot isothermal crystallization in a set of melt processed PET-MWCNT composites with MWCNT loadings between 1 and 4 wt%. The
MWCNTs were seen to act as heterogeneous nucleating surfaces (oriented shish structures) for the epitaxial growth of PET crystallites (kebabs) giving an oriented NHSK morphology. In contrast, the neat PET homopolymer showed the sporadic nucleation of a classic unoriented lamellar structure under the same isothermal crystallization conditions.
In this study, we present an extended and comprehensive set of data investigating the crystalline morphology development in melt processed PET-MWCNT composites asextruded, prior to any further secondary processing. Here, synchrotron Small-and WideAngle X-ray scattering (SAXS/WAXS) and thermal techniques are employed allowing the time-resolved morphology, orientation and crystallization kinetics of the composites during both cold and hot isothermal crystallization conditions to be followed. Cold crystallizations were performed by heating the composites at temperatures above the glass transition temperature (Tg) of the composites [11] , allowing the crystalline structure evolution of the asextruded materials to be resolved, with respect to the MWCNT content and any residual molecular structure imposed by the extrusion process. Conversely, hot crystallizations were performed by first heating the composites above their melting temperature (Tm) [11] , to erase any residual molecular and crystalline structure from the extrusion process, then quenched to the crystallization temperature. Again, allowing the crystalline morphology and kinetics to be followed in these materials. The results show unequivocally the role of the MWCNTs which not only act as nucleation surfaces for a NHSK-type crystallization, but due to residual orientation from the initial processing method any crystalline structure that evolves from the melt has a predisposed orientation. Hence, these results provide an invaluable insight into the distinctive modification of the crystalline morphology of melt-processed polymer-MWCNT composites prior to any secondary processing. This having a significant impact on the use of MWCNTs as functional fillers in the processing and modification of the physical and mechanical properties of engineering polymers. [11] The blends were cast extruded into sheets 100 mm wide and 1 mm thick. Samples will be referred to by the MWCNT wt% loading in PET; PET1%, PET2% and PET4% herein.
The dispersion of the MWCNTs in the PET matrix was confirmed by optical microscopy, SEM and TEM. The MWCNTs were confirmed to be well dispersed in the PET matrix with a small fraction aligned in the extrusion flow direction due to the design of the die used in the extrusion process.
[11]
Thermal characterization
Thermal characterization using differential scanning calorimetry (DSC) of the neat PET and PET-MWCNT composites (post extrusion) was performed using a Perkin-Elmer DSC under an inert nitrogen gas atmosphere. Samples were subject to heating-cooling runs from 30 º to 300 º at a rate of 10 K min -1 . Table 1 , lists the glass transition temperature (Tg), melting temperature (Tm), crystallization temperature (Tc) and crystallinity (Xc) of the composites from the DSC analysis. The percentage crystallinity Xc, of each sample was calculated from equation (1):
where ΔHf is the enthalpy of fusion from the integrated area under the melting transition from the DSC thermogram, ϕ is the weight fraction of MWCNTs in the PET homopolymer and ΔH f 0 is the theoretical enthalpy change of 100% crystalline PET having a value of 117.6 J g -1 .
[39] 
Synchrotron X-ray instrumentation and measurements:
Two-dimensional ( • Hot isothermal crystallizations; the samples were heated to 270 °C and held for 10 minutes (to erase any thermal history), then quenched at a rate of 50 K min -1 , to the desired crystallization temperature, between 210 ºC and 240 ºC.
• Cold isothermal crystallizations; samples were heated from room temperature at 50 K min -1 to the desired temperature, between 95 ºC and 130 ºC. In each case, SAXS data collection was started once the crystallization temperature was reached and continued throughout the crystallization process at a rate of between 8 s and 15 s per frame depending on the isothermal crystallization temperature.
SAXS/WAXS data analysis
SAXS and WAXS data were normalized for sample thickness, transmission and background scattering. All X-ray data reduction and analysis was performed using and CCP13 FibreFix software.
[41] The time-resolved 2D SAXS data were reduced to 1D intensity plots, I(q, t), by sector averaging to a radius, q, where q = (4π/λ) sin (θ), θ is the scattering angle and λ is the X-ray wavelength (1.03 Å). The invariant, Qs, was then obtained from the 1D SAXS data where:
The normalized Q s data was used to follow the development of the isothermal crystallization process with respect to time, at each isothermal crystallization temperature. The crystallization curves were used to obtain the crystallization half-time, t1/2, which represents the time taken to reach 50% conversion to full crystallinity at a specific temperature.
To estimate the relative molecular orientation from the 2D SAXS data, radial azimuthal 1D profiles were obtained from the angular variation in intensity, I (q, φ), at a fixed radius q, over an azimuthal angle, φ, range of 0 -360°. The 1D profiles of the azimuthal peaks were fitted using Gaussian functions to obtain the average full width at half maximum (FWHM) values. [12, 38, 42] Avrami plots [43, 44] , using the double logarithmic from of the Avrami equation, were obtained for the isothermal crystallization measurements from Qs:
where, the crystallinity Xs(t) = Qs(t)/Qs(∞), k is the crystallization rate constant and n is the Avrami exponent, being related to the nucleation process and the dimensionality of the growth unit during the crystallization process. Using the plots from Equation (2), values of n from the slope of the linear region of the plot and ln k from the intercept at t = 1, were obtained.
Correlation function analysis was performed on the 1D SAXS scattering profiles using a purpose written 1D correlation function software. [45] The correlation function, γ(R), is expressed as:
where I(q) is the scattering intensity and Qs from the 1D SAXS data from:
was obtained between the experimental limits of q1 (the first real data point ) and q2 (the region where I(q) is constant). To compute the correlation function from the 1D SAXS profiles, the data was extrapolated (q → ∞) using a Porod [46] , tail fit and a linear back extrapolation (q → 0) was applied. Several parameters were extracted from the fitted correlation function which assumes an ideal two-phase lamellar morphology. 
Results and Discussion
Thermal characterization ( Table 1 ), shows that on addition of MWCNTs to the polymer matrix there is no significant change in Tg and Tm. However, there is a marked difference in Tc (from 194 to 228 ºC), which increases with increasing MWCNT content, indicating that the MWCNTs act as heterogeneous nucleating agents as the PET crystallizes (i.e. increasing the crystallization kinetics). The crystallinity of the PET generally increases on addition of MWCNTs, but it begins to fall slightly as more MWCNTs are added, this being attributed to a reduction in crystalline perfection even though the crystallization kinetics are increased and the difficulties in dispersing MWCNTs in polymer melts at higher loadings. [11, 12] Static SAXS was taken for the as-extruded samples to reveal any residual crystalline structure from the extrusion process. SAXS patterns of the extruded samples at 30 ºC prior to any further crystallization are given in Figure 1 , including schematics of the associated polymer crystalline or amorphous structure. [12, 42, 48, 49] The SAXS pattern for neat PET shows only diffuse scattering around the central beam stop, thus indicating no crystalline structure prevails from the extrusion process and the polymer is amorphous. In comparison, the PET1% composite shows increased scattering around the beam stop seen as a ring of intensity. This indicates that some crystalline lamellar structure had developed post extrusion.
However, no obvious orientation in the SAXS is observed. The SAXS patterns for the PET2%
and PET4% composites also show increased intensity around the beam stop, but this has some orientation indicated by the scattering intensity being concentrated in arcs. This indicates that an oriented residual crystalline structure exists in the polymer post extrusion. [12, 38] This oriented crystalline structure is attributed to an oriented NHSK morphology, where due to the design of the extruder die head [11] , the MWCNTs are initially aligned in the polymer melt during extrusion. The MWCNTs then act as nucleating sites during the extrusion casting and cooling process (once extruded), and so an initial crystalline structure develops compared with the amorphous neat PET. The residual orientation observed in the PET2% and PET4% composites, is likely to be due to the MWCNTs acting as rigid rod-like structures that do not relax in the viscous polymer matrix once aligned in the die head, thus their orientation is 'locked-in' once the polymer is extruded and cooled. [38] The crystalline structure in the polymer composites is also confirmed with WAXS. To investigate the change in the initial structure of the neat PET and PET-MWCNT composites post extrusion, hot and cold isothermal crystallizations were performed. SAXS data was taken throughout the crystallizations to determine the morphology development, crystallization kinetics and type of crystallization process occurring in the PET and how the MWCNT influence theses parameters. Figure 3 , shows the final 2D SAXS patterns at various isothermal crystallization temperatures once crystallization was completed. The final column in the figure shows the SAXS patterns of the melted samples at 270 °C. Samples were held at this temperature to erase any residual crystalline structure from the extrusion process, which is confirmed by the diffuse scattering around the beamstop. As the neat PET is crystallized at increasing cold isothermal temperatures (above Tg -85 ºC), a ring of intensity clearly develops around the backstop, indicating a crystalline lamellar structure. (Note that no data is available for neat PET crystallized isothermally at 100 ºC as it took too long to crystallize within experimental time constraints.) In contrast, the PET-MWCNT composites all show the development of an oriented crystalline structure; this being observed as intense arc-like scattering around the beam stop. The crystalline structure observed is that of an oriented NHSK morphology, as depicted in Figure 1 . The residual crystalline structure from the extrusion process is not lost on further cold crystallization, but is perfected in the composites. Only one set of data is shown for the PET4% composite at an isothermal crystallization temperature of 95 ºC, as above this temperature, the crystallization kinetics were very fast and time constraints in data collection (detector frame rates), meant that the kinetics could not be followed effectively.
In column seven of Figure 3 , 2D SAXS patterns are shown from the hot isothermal crystallizations at 230 ºC, for PET1 and PET2%, and 235 ºC for PET4%. This data was recently reported in a short communication [38] , where during the hot crystallization process samples, were first heated above Tm to 270 ºC, to erase any crystalline structure from the extrusion process. The samples were then quenched to the crystallization temperature. The neat PET was seen to crystallize similarly to that during the cold crystallization temperatures;
that is, forming a random lamellar structure. However, the PET-MWCNT composites all
show that a very well defined oriented NHSK structure develops. This result is interesting as all residual polymer crystalline structure was originally erased at 270 ºC, but on cooling the oriented NHSK structure returns. Again, the MWCNTs act as nucleating agents and their residual alignment from the extrusion process still persists in the re-melted polymer matrix.
Thus, the MWCNTs act as a pre-aligned network of nucleation sites for PET crystallization. To investigate the relative orientation of the 2D SAXS data at each isothermal crystallization temperature, radial 1D azimuthal profiles were taken. By way of example, 1D
azimuthal profiles for the end of the isothermal crystallization process are shown in Figure 4 , for the cold crystallized PET1% and PET2% composites (A and B), and (C) the hot crystallized PET1% -4% composites. During cold isothermal crystallization the two peaks in the azimuthal intensity indicate some orientation is present. The two peaks are more pronounced as the cold crystallization temperature increases, indicating an increase in orientation. For the samples, at 230 °C the azimuthal peaks are distinct. To quantify the orientation the average full-width half maximum (FWHM), was obtained from Gaussian fits of the azimuthal profiles [38] , and plotted with respect to increasing isothermal crystallization temperature in Figure 5 , for the PET-MWCNT composites. can be seen that overall, the orientation in the composites is greater from the hot crystallization process than from cold crystallizations. One outlier in the data is observed with the PET1% composite hot isothermally crystallized at 225 ºC, where the orientation is decreased significantly at this temperature. The decrease in the orientation can be explained by changes in the crystalline morphology. Initially, an oriented NHSK structure is seen in the samples during hot and cold crystallizations. This tends to be relatively constant during cold crystallizations where the oriented structure is already locked-in from the initial extrusion process. However, during hot isothermal crystallization the initial crystalline structure of the polymer is destroyed when heated and held above Tm [38] . Once quenched an oriented NHSK structure returns at temperatures where normally crystallization of the pure polymer would be very long (see crystallization kinetics section). As the hot isothermal crystallization temperature is decreased, the average orientation starts to decrease. This being due to the crystallization of the polymer matrix (in addition to the NHSK structure), giving more crystallites with random orientations. This is evident with the PET1% composite at 225 ºC, where crystallization occurs in the polymer matrix (unoriented lamellar crystallization), at the lower temperature reducing the average orientation.
The morphology and crystallization kinetics during the hot and cold crystallizations were also obtained from the 1D radial profiles. The 1D radial profiles provided the normalised scattering invariant Qs, allowing the crystallization process to be followed and the half-time, t1/2, to be extracted. Figure 6 , shows selected hot and cold isothermal crystallization curves for neat PET and each PET-MWCNT composite. To determine information about the type of crystal growth Avrami analysis was performed on the cold and hot isothermal crystallization curves (in Figure 6 ). Double log plots were obtained (applying Equation (3)) and from these the values of n from the fitted slope of the linear region of the plot and ln k from the intercept at t = 1, were extracted. Examples of the Avrami double log plots for cold and hot crystallization of neat PET and PET-MWCNT composites at various temperatures are given in Figure 8 . The extracted data from the linear fit of the Avrami plots and values of t1/2 for the hot and cold crystallizations are collated in Table 2 . The Avrami exponent n, for neat PET during cold and hot isothermal crystallization ranges from around 1.5 -2.9. A value of 2.9 indicates a 2D disk shaped growth unit from sporadic nucleation sites. [27, 38, [51] [52] [53] The value of n decreases as the cold crystallization temperature increases, or as the hot crystallization temperature decreases, this is most likely due to the increased kinetics at these temperatures (see decrease in t1/2 and increase in ln k), so the crystalline grow unit is less well formed (less perfect). This also correlates well with the SAXS data, where a randomly oriented lamellar crystalline structure develops. In contrast, the PET-MWCNTs show values of n tending to unity. This indicates a rod-like crystalline growth unit from instantaneous heterogeneous nucleation sites [27, 38, [51] [52] [53] . Again, this is supported by the SAXS data, where an oriented NHSK prevails for the composites and the MWCNT act as heterogeneous nucleation sites. Further details of the crystalline morphology from the 1D SAXS data was obtained using correlation function analysis. Correlation functions were performed on the final 1D SAXS data frame of the hot and cold isothermal crystallization process for each sample. This We have assigned the crystalline morphology in the PET-MWCNT composites to a NHSK structure and propose a model for its formation under the different crystallization conditions (hot or cold crystallization). A schematic of the model is given in Figure 11 . Figure   11A , shows the residual oriented crystalline morphology in the PET-MWCNT composites after extrusion, where a NHSK structure is observed, but some initial small crystallites are seen in the polymer amorphous matrix. Increasing the cold isothermal crystallization temperature for the composites (Figure 11B ), the crystallite size and crystallinity increases (see Figure 9C -D), due to the thickening of the NHSK structures and some further crystallites developing in the polymer matrix. Figure 11C , shows the NHSK structure once the composite had been melted (to remove any thermal history and crystalline structure), quenched below Tm and then hot isothermally crystallized. The MWCNTs retain their orientation from the initial extrusion process and so an oriented NHSK structure prevails as the polymer re-crystallizes. Again, as the hot isothermal crystallization temperature is decreased the structure changes to that seen in Figure   11C , where new crystallites begin to insert and grow in the polymer matrix, increasing the crystallinity. Finally, Figure 11D , shows the crystalline structure that develops during both cold and hot isothermal crystallizations for neat PET, where an unoriented lamellar morphology develops via sporadic nucleation in the polymer matrix.
The model presented in Figure 11 , shows how the addition of MWCNTs during hot and cold isothermal crystallization of PET influences crystalline morphology development.
The MWCNTs undoubtedly act as nucleating surfaces for the crystallization of the polymer chains, therefore increasing the crystallization kinetics and ultimately this yields a NHSK structure. Also, any pre-orientation of the MWCNTs initially induced by the extrusion process is not removed on re-melting of the polymer matrix, that is, the MWCNTs do not relax into a random network in the viscous polymer melt so still act as pre-aligned nucleation sites during hot isothermal crystallizations, again producing an oriented NHSK structure.
Conclusions
Here, the combined use of SAXS/WAXS, thermal(DSC), and microscopy (HRTEM), The results presented give an advanced understanding of the role of MWCNTs in the modification of the crystalline morphology as a consequence of melt mixing with PET prior to secondary processing. During initial extrusion of the polymer composites, the MWCNTs reinforce the polymer matrix, and in turn, act as oriented nucleation sites for the polymer chain to attach to and crystallize. Thus, a crystalline morphology is already present in the composites compared with the amorphous structure of the homopolymer. The validation of the residual crystalline structure in the PET-MWCNT composites has a significant impact on further processing of these composites as well as the final physical and mechanical properties of the composite material.
